Zinc oxide (ZnO) films were synthesized using spray pyrolysis using glass as substrate at substrate temperature of 400°C. The precursor used is an aqueous solution of ZnCl 2 . The deposition was done in ambient conditions. It was observed that the zinc oxide films are textured. The films yielded 0.3 transmittance in the visible light spectrum as shown by the UV-vis spectrophotometry data. The FT-IR data implied that the films are of high purity. The ZnO films were subjected to bacteria Escherichia coli and Staphyllococcus aureus in agar diffusion assays, and the antibacterial activity was quantified by measuring the zone of inhibition created by the films. The ZnO films exhibited low antibacterial activity to E. coli and S. aureus.
Introduction
Zinc oxide (ZnO) is an exceptional basic material for various applications due to its low cost as well as its electrical, optoelectronic and luminescent properties and has been also used for its anti-bacterial [1] , gas sensing [2] , and photocatalytic properties [3] . The various uses for ZnO could be accounted from its exceptional chemical and thermal stability, and its distinct optical and electrical properties due to its large exciton binding energy [5] . Hence ZnO is an advantageous material over other metal oxides for certain applications. Surface coatings are essential for various materials to enhance their properties. This is done by depositing a different kind of material in the surface of the original material. This kind of improvement would be essential for product packaging, wear-resistant surfaces, and anti-reflective glass coatings. Zinc oxide, due to its anti-bacterial property, is a promising material for surface coating in food packages. This would help prevent food form being affected by food pathogens such as E. coli and S. aureus.
The favourable properties and versatility of ZnO paves way to a continuous search for the practical and simple fabrication of various ZnO structures. Various methods are used to synthesize ZnO thin films and one of these is through spray pyrolysis. The said method includes heating up the substrate prior to deposition. This is done for a reaction to occur and a solid film would be deposited onto the substrate. This method is commonly used due to the ease of deposition of ZnO, efficiency, and cost-effectiveness [4] [5] [6] . Metal chloride salts, particularly zinc chloride (ZnCl 2 ) is widely used as a precursor in spray pyrolysis for the synthesis of doped and undoped ZnO films, nano and microstructures, as used in previous studies [2, 7] .
This study involves a low-cost, simple, straightforward and effective deposition technique for the synthesis of ZnO films. Synthesized ZnO films are then subjected to bacteria to quantify its bacterial growth inhibition. Scanning electron microscopy is used for the analysis of the surface morphology and microstructure of the films. UV-Vis spectrophotometer is used for optical characterization of the films. Measurement of growth of inhibition is used to quantify the antibacterial activity of the films.
Materials and Methods

Synthesis of ZnO films
The spray pyrolysis deposition technique was implemented using a commercially available atomizer, a hot plate as the heating apparatus, and glass slides as substrate. A 0.1M ZnCl 2 aqueous solution was used as precursor. The substrates were cleaned using standard sample preparation procedure. The cleaned substrates were heated up to 400°C prior to deposition. Different deposition times were used for the experiment: 5 minutes, 10 minutes, and 15 minutes. The deposition was pulse-sprayed with a spray rate of one spray for every five seconds. The nozzlesubstrate distance was set to 37.5cm. The deposition was done in ambient conditions.
Characterization Techniques
The surface morphology of the as-deposited films is obtained using scanning electron microscopy (SEM model Phillips 30 XL Field Emission). The optical transmittances in visible light of the films were obtained using Shimadzu UVmini-1240 UV-vis spectrophotometer. The FT-IR transmittance was measured using Shimadzu Prestige 21 FTIR Spectrophotometer, with Miracle ATR accessory.
Antibacterial application
For the antibacterial activity of the ZnO films, cultured Gram negative E. coli and Gram positive S. aureus were used. ZnO coated glass slides prepared for different deposition times were cut into squares (0.9 x 0.9 sq. cm) and placed on petriplates against a positive control of chloromphenicol. The agar plates were inverted and incubated for 18 hours at 37°C. The zones of inhibition were measured for each sample as quantification for the anti-bacterial activity of the ZnO films. The ratio between the zones of inhibitions and length of samples were obtained and compared to the corresponding antibacterial inferences (see Appendix A) [8] .
Results and discussion
Formation of ZnO
The possible chemical reaction that would take place on the heated glass substrate would occur when the aqueous solution of ZnCl 2 reached the substrate. The temperature prompts the chemical reaction of ZnCl 2 and water vapor, which then produces an acidic solution of solid ZnO, HCl and water that would be evaporated. The chemical reaction would be represented as follows [6] :
( 1 )
Structural properties of ZnO
The samples exhibited textured surfaces in accordance to the SEM images as shown in Figure 1 . Randomly oriented flakes and grains are present in the surface of the films. By using ZnCl 2 as precursor, a textured surface morphology and indefinite grain boundaries could be clearly observed on the surface of the ZnO film [7, 9] . The droplets are not easily dissociated due to the high dissociation enthalpy of ZnCl 2 which implies that the nucleation of ZnO requires less energy [10] . The low surface tension of ZnCl 2 favors the droplets to more diffused nucleation sites, thus textured or grainy films are formed [9] .
One of the occurrences of the flakes or needle like structures could be explained by spalling of the droplets, which is caused by the sudden termination of spreading of the droplets as they spread on the surface of the substrate [11] . The deposited material also experiences thermal stress. The temperature gradient generated from the difference of the droplet temperature and substrate temperature plus the different linear thermal coefficients causes thermal stress [11] A material subjected to high heat would experience a change in length which would then affect its surface morphology. The origin of the stress could be accounted from the different linear thermal coefficient expansions of ZnO ( = 7 × 10 -6 /°C) film and glass ( = 8.5 × 10 -6 /°C) [12] , and the flakes appeared to relieve stress. Figure 2 shows the SEM micrographs of the cross section of films deposited for various times. Both films show surface non-uniformity. This is due to the diverse surface morphology as shown in Figure 1 . The thickness measurement for the film deposited for 5 minutes could not be obtained due to the low nucleation of the ZnO globular grains. The film deposited for 5 minutes is mostly composed of thin flakes, which are to small and highly dispersed to be used for thickness measurement. ZnO particles start to nucleate on top of the thin flakes for deposition times greater than 5 minutes, which resulted to the film to be composed of grain aggregates. For the deposition time greater than 5 minutes, the ZnO globular particulates fuse on top of the other which caused the abrupt increase in thickness of the ZnO film. Figure 3 shows transmittance and appearance of ZnO films deposited on glass substrate for the three deposition times. It can be observed that the transmittance of the films decrease with increasing deposition time. In the wavelength spectrum of 400 nm to 700 nm, film (i) has a transmittance range between 0.06 and 0.30. Film (ii) has a transmittance range between 0.01 and 0.15m while film (iii) is between 0.01 and 0.12. Films (ii) and (iii) have significantly lower transmittance as compared to film (i). The decreased transmittance of the films might be due to the light scattering at the grain boundaries [4] . The presence of grains, as shown in Figure 3 , for the films deposited for 10 and 15 minutes could have increased the light scattering hence the decrease in optical transmittance. Thus, the increasing film thickness implies increase in the opacity.
Optical properties of ZnO
From Figure 4 , it could be observed that there are absorbance bands present in the wavenumber range of 450 to 600 cm -1 which corresponds to the characteristic absorption of ZnO [13] . This then implies that the ZnO films are of high purity. The corresponding peaks have phonon modes and were obtained which are consistent from previous studies [14] .
The obtained absorbance peaks with the corresponding phonon modes for the films are shown in Table 1 . The collective vibrational modes which is comprised by a lattice of metallic crystals is called phonon modes [15] . The longitudinal optical (LO) phonon mode is associated to the vibration of atoms in the ZnO lattice in the longitudinal direction, while the transverse optical (TO) phonon mode pertains to the vibration of atoms perpendicular to the ZnO lattice [14] . The phonon modes correspond to the wavelength in which the material vibrates in a certain direction [14] . The phonon modes obtained corresponds to the wavelength in which the vibrations of the ZnO atoms in the films along the longitudinal and transverse directions are most prominent.
Antibacterial activity
The anti-bacterial activity of the ZnO films are subjected to bacteria E. coli and S. aureus. Figures 5 show the anti-bacterial activity set-up for the ZnO films against E. Coli.
It is apparent that for all films there is no zone of inhibition observed, as compared to chloromphenicol posed as the positive control, as shown in Figure 5 . However, it seems that the films are starting to inhibit the bacteria as the size of the bacteria clusters appears smaller in the vicinity of the sample, as compared to the area farther from the samples where significantly larger bacteria clusters could be found. There is an observed activity of the ZnO against S. aureus as implied by the presence of zone of inhibition for the films compared to the results from the set-ups for E. coli. The zones of inhibition by the films are significantly smaller compared to inhibition of chloromphenicol. According to a previous study, ZnO displays a stronger antibacterial activity against Gram positive bacteria as compared to Gram negative bacteria [16] . The 15 minute deposited film yielded the highest zone of inhibition among all the films. This is due to the efficient diffusion of sufficient amount of ZnO and effective damage done by the ZnO particles to the bacteria [17] . Figure 6 describes the trend of effective zone of inhibition of ZnO films against S. aureus. It can be observed that there is no direct relation between the zone of inhibition and deposition time. This could be due to the ineffective diffusion of the ZnO particles in the agar diffusion assays, and the amount of ZnO diffused is small enough to rupture the membranes of the bacteria [18] . The ineffective diffusion of ZnO particles could also be attributed to the relative surface area of the film. It was discussed earlier that there is micro-granular growth of ZnO, which would imply a lesser relative surface area as opposed to ZnO nanoparticles. This could affect the antibacterial activity of ZnO in the agar diffusion assays.
Conclusion
The spray pyrolysis deposition technique yielded textured ZnO films. The films show good transparency in visible light spectrum. Results from FTIR spectra show that the ZnO films are of high phase purity. The results from the antibacterial experiments indicate that the ZnO films yielded low antibacterial activity against bacteria E. coli and S. aureus in agar diffusion assays.
